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ABSTRACT:  The hexagonal and monoclinic phases of CePO4 have demonstrated to be excellent catalytic supports for Pt-
based WGS catalysts. Consequently, the elucidation of the WGS reaction mechanism in these materials constitutes a funda-
mental aspect in order to explain their catalytic behavior. Since the observed WGS reaction path is closely related to the ab-
sence or presence of oxygen vacancies in the support, the study of the oxygen mobility in these solids constitutes a key factor 
for the understanding of the materials structure and its influence on the reaction mechanism. In this study, the oxygen mobil-
ity in the CePO4 supports and the corresponding Pt catalysts has been evaluated by means of isotopic exchange experiments 
using 18O2 and C18O2 as probe molecules. Results demonstrate that the evaluated solids present a low exchange activity when 
18O2 is used, indicating the absence of oxygen vacancies in these solids and thus, suggesting a poor influence of the WGS redox 
mechanism. On the contrary, a high oxygen exchange activity is observed using C18O2, demonstrating that the exchange in 
these materials takes place through the formation of carbonate-like intermediates, and thus suggesting the associative mech-
anism of the WGS reaction as the preferred path in these solids. Operando DRIFTS experiments under WGS reaction conditions 
confirm these results, proving that the WGS reaction in the studied materials takes place through a formate-mediated associ-
ative mechanism.      

1. INTRODUCTION 

The use of hydrogen as energy carrier combined with the 
development of fuel cells have gained increasing interest in 
the last years. Particularly, polymer electrolyte membrane 
fuel cells (PEMFCs) constitute the most promising option 
for portable applications. However, the purification of the 
hydrogen used as feed in these systems results mandatory 
1. Among the fuel processing reactions used with this objec-
tive, the water-gas shift (WGS) reaction is the most relevant 
step, since it removes the highest CO content while increas-
ing the H2 content 2.  

In this context, oxide-supported noble metal catalysts 
have been extensively studied and have demonstrated to be 
excellent WGS catalysts for fuel cell applications 3-4. How-
ever, in the last few years some studies have been devoted 
to the use of phosphate-type solids as WGS catalytic sup-
ports 5-7.  

In a previous work 8, we reported the use of Pt/CePO4 cat-
alysts as highly active and selective catalytic systems for the 
WGS reaction. CePO4 can present two different crystal struc-

tures: the hexagonal (rhabdophane-type) phase, which con-
tains structural channels able to hold water molecules and 
the monoclinic (monazite-type) phase, in which the vanish-
ing of the structural channels takes place. We studied the 
influence of the support structure on the WGS catalytic ac-
tivity, concluding that the rhabdophane-type phase 
(CeP400) enhanced the WGS catalytic performance with re-
spect to the monazite-type phase (CeP600) as a conse-
quence of an enhanced water adsorption capacity of the 
support, which allowed a continuous water supplying dur-
ing the reaction. 

Since phosphate-type solids constitute a promising op-
tion as WGS catalytic supports 5-7, the understanding of the 
WGS reaction mechanism in these solids results of great in-
terest. 

Although WGS reaction mechanism has been thoroughly 
studied 4, 9-12, the reaction path is still a matter of debate. 
However, two mechanisms have been generally proposed: 
the redox and the associative mechanism, which imply both 
the participation of the metal phase and the support 13-15.  
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In the redox mechanism, the oxidation-reduction cycles 
occurring in the support are responsible for the WGS reac-
tion. CO adsorbs on metal sites and reacts with the oxygen 
of the support to yield CO2, thus generating an oxygen va-
cancy. Afterwards, the generated oxygen vacancy is re-oxi-
dized by H2O. The interaction of water with the vacancies of 
the solid generates OH and eventually, H groups. This mech-
anism has been typically observed on partially reduced ox-
ides containing oxygen vacancies, such as TiO2, CeO2 or 
CeO2/ZrO2 13.  

On the contrary, the associative mechanism is an adsorp-
tion-desorption model where the adsorbed species interact 
to form an adsorbed intermediate which decomposes into 
the reaction products. Thus, it implies the adsorption of CO 
and H2O on the catalyst surface to form surface intermedi-
ates such as formate, carbonate or carbonyl species, that de-
compose into the reaction products, CO2 and H2 4, 13, 16. 

According to the aforementioned aspects, the structure 
and more specifically, the presence or not of oxygen vacan-
cies has demonstrated to play a substantial role regarding 
the WGS reaction mechanism in oxide-supported catalysts 
9, 17-18. Consequently, studying the mobility of the oxygen at-
oms contained in the solids become of great interest in or-
der to justify the reaction path followed by the catalysts un-
der study. In this context, isotopic exchange techniques us-
ing molecules containing 18O provide answers to character-
ize the catalysts behavior regarding the mobility and reac-
tivity of the oxygen atoms constituting the solid, as well as 
the elucidation of reaction mechanisms 19-20. Generally, the 
exchange reaction mechanism includes three main steps 21: 

1. Adsorption and subsequent dissociation of the labelled 
molecule (*X2) to form atoms or ions adsorbed on the sur-
face (*Xads). 

2. Exchange of such species (*Xads) with the atoms or ions 
naturally present in the surface or the bulk of the solid (Xs). 

3. Desorption of the exchanged elements in their molecu-
lar form (*X2, X2 or *XX) in the gas phase. 

Additionally, diffusion phenomena can take place if the 
adsorbed labelled species and those present in the solid are 
not in the same region of the catalyst after the adsorption of 
the labelled molecule. 

The change in the gas phase composition during the ex-
change reaction allows to calculate characteristic parame-
ters of the isotopic exchange as the atomic fraction of 18O in 
the gas phase, the rate of exchange, the diffusion coefficients 
on the surface and in the bulk and the number of exchanged 
and exchangeable oxygen atoms in the catalyst, which are 
useful parameters for the knowledge of the catalytic prop-
erties of the solids 21. 

Particularly, isotopic exchange using 18O2/16O2 and 
C18O2/C16O2 is a powerful technique for the study of the 
WGS reaction mechanism. Differences in the oxygen rate of 
exchange depending on the labelled molecule are a conse-
quence of a difference in the exchange mechanism: in the 
case of oxygen, a dissociative mechanism in which the rate 
limiting step is the dissociation of the oxygen molecule, 
whereas in the case of CO2 an associative mechanism takes 

place, via formation and decomposition of intermediate 
species such as carbonate, hydrogen carbonate or formate 
species 22. 

Consequently, the isotopic exchange experiments using 
18O2 result of great interest for evaluating the absence or 
presence of oxygen vacancies in the supports, which play an 
important role in the WGS redox mechanism. On the other 
hand, experiments using C18O2 allow the evaluation of the 
formation of carbonate-like intermediate species, implied in 
the WGS associative mechanism. Thus, the use of these la-
belled molecules could provide information about the pre-
ferred mechanism and/or the competence between them, 
which are crucial aspects during the WGS reaction. 

According to the aforementioned considerations, this 
work presents the study of the oxygen mobility in two types 
of CePO4 supports with different structure and the corre-
sponding WGS Pt catalysts by means of isotopic exchange 
techniques. Operando Diffuse Reflectance Infrared Spec-
troscopy (DRIFTS) was employed to obtain mechanistic in-
sights, in order to correlate the inherent oxygen mobility of 
the solids to the observed WGS reaction mechanism. 

 

2. EXPERIMENTAL SECTION 

CePO4 supports were prepared by a hydrothermal 
method previously described 8. The obtained materials 
were calcined in air at two different temperatures: 400 °C, 
to obtain the rhabdophane-type phase of CePO4 (CeP400), 
and 600 °C to obtain the monazite-type phase (CeP600). Pt 
catalysts with a nominal content of 2 wt.% were prepared 
by wet impregnation and calcined at 350 °C. 

For the X*/X (X= O2, CO2) isotopic exchange experiments 
of the evaluated samples, 20 mg of the solids were intro-
duced in a quartz U reactor placed in a closed recirculation 
system, connected to a mass spectrometer in order to follow 
continuously the evolution of the gaseous species as a func-
tion of the time, and to a vacuum pump. A recirculation 
pump eliminated the limitations due to the gas phase diffu-
sion. A scheme of the reaction system has been presented 
elsewhere 21. 

The studied supports were first activated under 50 
ml·min-1 of 16O2 at the calcination temperature and atmos-
pheric pressure. Regarding the catalysts, the activation was 
carried out at 350 °C under 50 ml·min-1 of H2 in order to en-
sure the reduction of the metallic species. Subsequently, the 
temperature was decreased and the activation gas was 
evacuated to introduce the isotopic molecule in the reaction 
system. For the heteroexchange experiments, 65 mbar of 
18O2 (Sigma-Aldrich, 99.9%) or C18O2 (Sigma-Aldrich, 97%) 
were introduced in the system. Two different experiments 
were performed: 

Temperature programmed isotopic exchange (TPIE), 
where the temperature was progressively increased along 
the experiment at a rate of 2 °C·min-1. 

Isothermal isotopic exchange (IIE), where the tempera-
ture was kept constant along the experiment. 
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During the 18O2/16O2 isotopic exchange experiments, the 
mass-to-charge ratio (m/z) 32 (16O2), 34 (16O18O) and 36 
(18O2) were recorded, whereas for the C18O2/C16O2 isotopic 
exchange experiments, the mass-to-charge ratio (m/z) 44 
(C16O2), 46 (C16O18O) and 48 (C18O2) were evaluated, with 
the purpose of following the isotopomer distribution during 
the isotopic exchange reaction. The absence of air during 
the experiment was verified by mass spectrometry in both 
cases.  

The 18O atomic fractions in the gas phase (αg,t) were cal-
culated according to Equation (1a) for 18O2/16O2 or Equation 
(1b) for C18O2/C16O2 heteroexchange experiments. 

𝛼𝑔,𝑡 =
1

2⁄ 𝑃34,𝑡 + 𝑃36,𝑡

𝑃32,𝑡 + 𝑃34,𝑡 + 𝑃36,𝑡

          (𝟏𝒂)    

𝛼𝑔,𝑡 =
1

2⁄ 𝑃46,𝑡 + 𝑃48,𝑡

𝑃44,𝑡 + 𝑃46,𝑡 + 𝑃48,𝑡

          (𝟏𝒃)   

Where Px,t corresponds to the partial pressure of the gas-
eous species of mass/charge x at time t. 

The rate of exchange (Re), Equation (2), is generally cal-
culated by the initial rate method, that is taking into account 
the rate at the beginning of the exchange reaction. 

𝑅𝑒 = −𝑁𝑔

𝑑𝛼𝑔

𝑑𝑡
          (𝟐) 

Where Ng is the number of oxygen atoms in the gas phase 
at the beginning of the reaction, which can be calculated ac-
cording to Equation (3). 

𝑁𝑔 =
2𝑁𝐴 · 𝑃𝑇

𝑅
(

𝑉𝑟

𝑇𝑟

+
𝑉𝑐

𝑇𝑐

)         (𝟑) 

Where NA is the Avogadro number, PT corresponds to the 
total pressure, R is the ideal gas constant, Vr and Vc are the 
volumes and Tr and Tc are the temperatures of the heated 
and non-heated parts of the reaction system respectively. 

Finally, the number of oxygen exchanged atoms (Ne) was 
calculated according to Equation (4). 

𝑁𝑒 = 𝑁𝑔(1 − 𝛼𝑔)         (𝟒) 

If the diffusion rate in the support network becomes sig-
nificant, the kinetics of exchange can be explained using the 
model developed by Kakioka et al. 21, 23-24 , based in the fol-
lowing premises: 

- Surface exchange is fast, thus the isotopic equilib-
rium between the gas phase and the surface atoms is 
rapidly reached 

- Bulk diffusion takes place in spherical particles 

In such case, the kinetics of diffusion in the solid follows 
Equation (5). 

−𝐿𝑛
𝛼𝑔

𝛼∗ =
2

𝜋

𝜌𝐴

𝑁𝑔
√𝐷, 𝑡         (5) 

Where α* is the value of αg once the surface exchange is 
completed and bulk diffusion starts. Consequently, the coef-
ficient of bulk diffusion can be calculated from the slope “a” 
of Lnαg vs. t1/2 for t > tA. This equation is valid if α* and αg >> 
αs0. 

 

Operando diffuse reflectance infrared spectroscopy 
(DRIFTS) measurements were performed in a high-temper-
ature reaction chamber supported on a DRIFTS optical sys-
tem (Praying Mantis, Harricks) with ZnSe windows. Spectra 
were collected by a Thermo Nicolet iS50 FT-IR spectrome-
ter equipped with a liquid-nitrogen cooled MCT detector at 
a resolution of 4 cm-1 and an average of 64 scans. 40 mg of 
the finely ground solids were loaded in the catalytic cell and 
the reaction flow containing 4.5% CO (Linde, ≥99.5%) and 
10% H2O in Ar (Air Liquide, ≥99.999%) with a total flow 
rate of 50 ml·min-1 was introduced using a series of 
AALBORG mass-flow controllers and a KNAUER Smartline 
1050 HPLC pump for the introduction of water in the sys-
tem. The system was heated at 100 °C to avoid water con-
densation during the reaction. Experiments were per-
formed every 50 °C from 150 to 350 °C, previous activation 
of the samples at 350 °C under 50 ml·min-1 of 10% H2 
(Linde, ≥99.999%)/Ar (Air Liquide, ≥99.999%) flow. 

 CO2 concentration at the exit of the reaction chamber was 
measured using a VAISALA GMT220 series detector. 

Acquisition and analysis of DRIFTS spectra were carried 
out using OMNIC 8 (Thermo Scientific ®) software. For IR 
band heights normalization, band intensities were re-scaled 
to the unit interval, using a second order polynomial for 
baseline correction. 

 

3. RESULTS AND DISCUSSION 

 

3.1. 18O2/16O2 isotopic exchange experiments 

3.1.1. Isothermal 18O2/16O2 isotopic exchange 

In order to study the presence of oxygen vacancies, the 
oxygen mobility in the CePO4-based solids was firstly eval-
uated using 18O2 in isothermal conditions. The selected tem-
perature to carry out these experiments was 300 °C, consid-
ering the high WGS activity of the CePO4-based catalysts at 
this temperature 8 (See Supporting Information, Figure S1). 

The evolution of the O2 isotopic distribution as a function 
of the time during the exchange experiment at 300 °C on the 
CeP400 support is presented in Figure 1. At this tempera-
ture, the concentration of 18O2 does not decrease, whereas 
no formation of 16O18O and/or 16O2 is detected, indicating 
that the oxygen exchange is not significant in this support. 
Similar results were obtained for the CeP600 support and 
the corresponding Pt catalysts (not presented). 
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Figure 1. O2 isotopic distribution (%) as a function of the time 
during isotopic exchange reaction at 300 °C over CeP400 

 

3.1.2. Temperature- programmed 18O2/16O2 iso-
topic exchange experiments 

Since every solid presented no activity towards oxygen 
exchange at 300 °C, temperature programmed exchange ex-
periments were carried out to evaluate the oxygen ex-
change capacity as a function of the temperature. 

Results corresponding to the CePO4 supports are dis-
played in Figure 2.  

 

 

 

Figure 2. O2 isotopic distribution (%) as a function of the tem-
perature during temperature-programmed isotopic exchange 
reaction over (a) CeP400, (b) CeP600 

In both cases, the oxygen exchange is not significant in the 
evaluated temperature range for the WGS reaction, that is 
from 200 to 350 °C. The CeP400 support does not exchange 
oxygen in all the temperature range evaluated, which indi-
cates no mobility of the oxygen atoms of the support. This 
result is consistent with the description of the rhabdo-
phane-type phase of CePO4, where the oxygen atoms are 
stabilized forming the structural channels typical of this 
phase 25. However, the solid CeP600 exchanges oxygen from 
400 °C, reaching a number of exchanged atoms (Ne) equal to 
1.5 x 1021 atoms per gram of support at 600 °C, which cor-
responds to a 15% of the total number of atoms present in 
the solid. Considering that in the monazite-type phase of 
CePO4 the oxygen atoms are not stabilized forming chan-
nels, the mobility of oxygen is expected to increase with re-
spect to the rhabdophane-type phase, in good agreement 
with the obtained results. 

 Nevertheless, these results point out the low oxygen mo-
bility in both CePO4 supports, in contrast to the results pre-
viously reported for CeO2 26-27, in which the totality of the 
surface oxygen atoms are exchanged at 400°C. The presence 
of oxygen vacancies associated to the CeO2 redox proper-
ties, that is the presence of the Ce3+/Ce4+ redox pair, has 
demonstrated to play a substantial role regarding the oxy-
gen mobility in this solid, which influences the behavior and 
reaction mechanism of CeO2-based catalysts during the 
WGS reaction 4, 28-29. In our case, the low oxygen mobility is 
explained by the great stability of the Ce3+ ion in both CePO4 
structures 27 previously demonstrated by XPS 8, 30, thus ex-
cluding the redox role in these supports.   

The same experiment was performed on the correspond-
ing Pt catalysts, in order to determine if the presence of the 
metal induces changes in the exchange capacity of the sol-
ids. Results are shown in Figure 3. 
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Figure 3. O2 isotopic distribution (%) as a function of the tem-
perature during temperature-programmed isotopic exchange 
reaction over (a) Pt/CeP400, (b) Pt/CeP600 

Results obtained for the Pt/CeP400 catalyst do not show 
any difference with respect to the support. In the tempera-
ture range evaluated, no exchange occurs, indicating that 
the presence of Pt does not influence the exchange capacity 
of the CeP400 support. Although Pt is expected to activate 
and dissociate the oxygen molecule, which could be re-
flected in the oxygen isotopic exchange results, previous 
works 31-32 have proved that highly dispersed Pt particles 
present lower oxygen activation and dissociation capacity 
than Pt particles with bigger sizes, which could explain the 
obtained results, considering the dispersion values re-
ported for the Pt/CeP400 catalyst 8 (Supporting infor-
mation, Table S1).     

Regarding the Pt/CeP600 catalyst, the exchange starts at 
the same temperature than in the corresponding support, 
that is 400 °C, and the number of oxygen exchanged atoms 
at 600 °C corresponds to a 13% of the total oxygen atoms 
present in the support, thus being similar to that value ob-
served for the support. However, the major species ob-
served during the experiment is 16O18O being the produc-
tion of 16O2 almost insignificant. As previously mentioned, 
the presence of Pt is expected to increase the oxygen disso-
ciation capacity. Thus, if 18O2 dissociates into two 18O ad-
sorbed atoms on a catalyst containing principally 16O, the 

formation of 16O18O is expected 31 in good agreement with 
the obtained results. This indicates that contrary to the re-
sults obtained for Pt/CeP400, the exchange of oxygen spe-
cies in the CeP600 support is influenced by the presence of 
Pt, presumably located in the nearby vicinity of the lattice 
oxygen ions and OH groups 33. The oxygen dissociation ca-
pacity of the Pt particles in this solid is in good agreement 
with its lower Pt dispersion value compared to the 
Pt/CeP400 catalyst 8.  

These results allow to confirm the lack of influence of ox-
ygen vacancies in the WGS temperature range where the 
solids were tested, in good agreement with the lack of the 
Ce3+/Ce4+ redox pair. Since Pt does not allow to improve the 
exchange activity, it can be concluded that the rate limiting 
step is the incorporation or the mobility of oxygen atoms in 
the CePO4 lattice. Consequently, the redox mechanism pro-
posed for the WGS reaction, which implies the existence of 
oxidation-reduction cycles and the participation of the sup-
port oxygen atoms 4, 34-35 can be discarded or have poor in-
fluence in this type of solids. 

 

3.2. Isothermal C18O2/C16O2 Isotopic Exchange 

Contrary to the results obtained using 18O2, CePO4 sup-
ports and Pt catalysts demonstrated to be highly active ox-
ygen exchange materials when using C18O2 as labelled mol-
ecule. Figure 4 shows the evolution of the CO2 isotopic dis-
tribution at 300 °C for the CePO4 supports. 
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Figure 4. CO2 isotopic distribution (%) as a function of the time 
during isotopic exchange reaction at 300 °C over (a) CeP400, 
(b) CeP600 

The oxygen exchange using C18O2 occurs at a high rate, 
giving rise firstly to the formation of C16O18O, followed by 
the generation of C16O2. Consequently, the mechanism of the 
C18O2 exchange reaction in both supports proceeds through 
two consecutive simple exchange mechanisms via transfer 
of one oxygen atom in every stage, as expressed by equation 
(5): 

C18O2(g) + 16O(s) ↔ C16O18O(g) + 18O(s)         (5a) 

C16O18O(g) + 16O(s) ↔ C16O2(g) + 18O(s)         (5b) 

The second step involving the formation of C16O2 takes 
place almost instantly to the first one, which demonstrates 
a fast activation of CO2 on the supports. Nevertheless, alt-
hough the initial rate of exchange (corresponding to the ex-
change of oxygen surface atoms) is high, long times are re-
quired to reach the equilibrium, pointing out that the ex-
change with the bulk oxygen atoms is hindered.  

Similar results were obtained for the Pt catalysts, as 
shown in Figure 5. The exchange mechanism was the same 
than that observed in the supports, and by the same token 
the exchange demonstrated to be very fast at the beginning 
of the exchange reaction, taking long times to reach the 
equilibrium. The little effect of Pt addition regarding oxygen 
exchange suggests that C18O2 exchange takes place mainly 
on the supports through a direct process 22. 

 

 

Figure 5. CO2 isotopic distribution (%) as a function of the time 
during isotopic exchange reaction at 300 °C over (a) 
Pt/CeP400, (b) Pt/CeP600 

In order to compare the oxygen mobility in every solid, 
the number of oxygen exchanged atoms (Ne) as a function of 
the time is presented in Figure 6. Additionally, Ne data after 
two hours of reaction and Re are summarized in Table 1.  

 

Figure 6. Ne evolution as a function of the time for the CePO4 
supports and Pt catalysts 

Table 1. Number of oxygen exchanged atoms (Ne) and C18O2 
rates of exchange (Re) of the CePO4 supports and Pt catalysts 
at 300 °C 

 

Results demonstrate that the activation of the CO2 mole-
cule in the solids surface is not a limiting process, contrary 
to the activation of the O2 molecule. Regarding the supports, 
both Ne and Re values are superior for CeP400, exposing its 
greater CO2 activation capacity. Whereas CeP400 support 
exchanges a 24% of the total atoms present in the solid, 
CeP600 exchanges a 20% of its atoms. 

Nevertheless, in the presence of Pt Ne values become sim-
ilar for both solids, although the Pt/CeP400 catalyst pre-
sents a slightly superior exchange capacity, particularly at 
the beginning of the reaction. According to the data after 
two hours of reaction (Table 1), both Ne and Re values for 
the Pt/CeP400 catalyst are lower than those of the CeP400 
support. Additionally, the number of oxygen exchanged at-
oms in such catalyst corresponds to a 21% of the total atoms 
present in the solid, very close to the 22% exchanged in the 
Pt/CeP600 catalyst. Consequently, the presence of Pt in-
duces a negative effect on the oxygen exchange capacity of 
the CeP400 support, especially marked during the exchange 
reaction with the bulk oxygen atoms.  

Sample Ne (1021 at·g-1) Re (1018 at·g-1·s-1) 

CeP400 2.7 4.6 

CeP600 2.0 2.7 

Pt/CeP400 2.3 2.6 

Pt/CeP600 2.3 2.0 
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Considering the long times required to reach the equilib-
rium in both the supports and catalysts, the calculation of 
the diffusion coefficient using Kakioka’s model results of 
great interest 23-24. In order to calculate the oxygen diffusion 
coefficient, it is necessary to distinguish (1) the exchange 
with the surface oxygen atoms, which takes place at a high 
rate with the oxygen atoms of CO2 and (2) the exchange with 
the bulk oxygen, determined by the diffusion rate in the in-
side of the solid. Thus, such model has to be applied once 
the fast oxygen exchange with the surface atoms has taken 
place. Linear fitting of the results and diffusion coefficient 
values are displayed in Figure 7 and Table 2, respectively.  

Diffusion coefficient of the CeP400 support is smaller 
than that of CeP600, which could be related to a hindered 
oxygen diffusion in the former due to the presence of chan-
nels in its structure. In the presence of Pt, no significant dif-
ferences are observed between CeP600 and Pt/CeP600, 
thus denoting no influence of the metal particles during the 
diffusion processes. On the contrary, the diffusion coeffi-
cient of Pt/CeP400 decreases significantly with respect to 
CeP400. In our previous work 8, TEM micrographs sug-
gested the arrangement of some Pt particles inside the 
channels of CeP400, thus the presence of Pt both on the sur-
face and in such cavities could hinder the diffusion of oxy-
gen in the bulk of the CeP400 support (Supporting infor-
mation, Figure S2). 

 

 

Figure 7. Linear fitting using Kakioka’s model from C18O2 iso-
topic exchange results at 300 °C over (a) CePO4 supports, (b) Pt 
catalysts 

Table 2. Diffusion coefficient (D) of the CePO4 supports and 
Pt catalysts calculated by Kakioka’s model 

Sample D (10-22 m2·s-1) 

CeP400 1.47 

CeP600 4.41 

Pt/CeP400 0.86 

Pt/CeP600 4.93 

 

The obtained results demonstrate a high oxygen mobility 
in the solids using C18O2, which implies the formation and 
decomposition of carbonate-like intermediates and thus, 
suggesting that the WGS associative mechanism could be the 
preferred path in these solids.  

 

3.3. Operando DRIFTS study of the WGS reaction 
mechanism 

18O2 isotopic exchange results have demonstrated that 
both the CePO4 supports and Pt catalysts present no activity 
towards oxygen exchange in the WGS temperature range 
evaluated in our samples (200-350 °C), which discards the 
participation of oxygen vacancies in these solids and thus 
suggests a poor influence of the so-called WGS redox mech-
anism. On the contrary, the great oxygen exchange activity 
using C18O2 suggests a preference for the WGS associative 
mechanism in these solids.  

In order to elucidate the WGS reaction mechanism taking 
place in these solids, operando DRIFTS experiments were 
performed under WGS reaction atmosphere. Difference 
spectra during the reaction at each temperature were ob-
tained by subtraction of the spectra of the samples before 
the introduction of the reaction mixture. 

 Difference spectra of the Pt/CeP400 catalyst when sub-
jected to the reaction mixture (4.5% CO, 10% H2O, Ar bal-
ance) are shown in Figure 8. Results reveal the presence of 
adsorbed water even at relatively high temperature as ob-
served in previous experiments 8, in agreement with the ap-
pearance of bands at 1625 cm-1, corresponding to the H-O-
H bending mode of hydrogen-bonded water, and those in 
the 3100-3500 cm-1 range, attributed to surface-bonded 
water 36. Bands in the  5100-5300 cm-1 range, ascribed to 
the overtones of the water stretching vibrations, allow to 
confirm the presence of molecular water 37, Figure 8(a).  

Additionally, bands corresponding to linear-bonded CO, 
generally found between 2000-2100 cm-1, appear at 2055, 
2073 and 2080 cm-1, as shown in Figure 8(b). The presence 
of these contributions exposes different environments of 
the Pt particles in the Pt/CeP400 solid. The shifts of the CO 
stretching frequency could be explained by several reasons, 
as changes in the Pt exposed faces or changes in the electron 
density of the metal particles induced by the support, which 
affects the number of available electrons for back-bonding 
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to the CO π* orbitals 38-39. In our case, these bands have been 
assigned to CO linearly adsorbed on different adsorption 
sites of platinum crystallites possessing surface atoms with 
different coordination. Greenler et al. 40 obtained similar 
features during CO adsorption on Pt/SiO2 catalysts. They re-
ported three bands at 2063, 2070 and 2081 cm-1, ascribed 
to CO linearly adsorbed on corner, edge and face atoms of Pt 
crystallites, respectively. Furthermore, a shoulder at about 
2010 cm-1 is observed in our spectra, which has been as-
cribed to CO linearly adsorbed on a weakly coordinated Pt 
atom. According to Bazin and co-workers 41, the origin of 
this Pt site could be a Pt coordination site located onto steps 
or kinks of small particles or correspond to CO linearly ad-
sorbed on very small Pt particles. An additional band at very 
low frequency (1965 cm-1) is also observed, which have 
been tentatively attributed to CO linearly adsorbed on the 
Pt species occluded in the channels of the rhabdophane-
type phase. The CeP400 channels are constituted by oxygen 
atoms which present local negative charge, being able to do-
nate electron density to the adjacent Pt atoms. Thus, the in-
creased Pt electron density could provoke an increased 
bonding to the CO π* orbitals, decreasing the CO stretching 
frequency. This result is in accordance with previous works, 
where a contribution at ca. 1970 cm-1 has been observed in 
the spectra of Pt catalysts supported on zeolites, being at-
tributed to CO linearly adsorbed on Pt located on the zeolite 
cages 38-39. 

As a consequence of the interaction between the reac-
tants, surface carbonaceous species are formed, according 
to the contributions emerging at 1370, 1381, 1589 and 
2850 cm-1 (Figure 8(a) and (c)). These features seem to in-
dicate the formation of formate (HCOO-) species. The bands 
at 1589 and 1370 cm-1 have been assigned to the asymmet-
ric and symmetric CO stretching vibrations (νas CO and νs 

CO), respectively, whereas the bands at 2850 and 1381 cm-

1 have been attributed to the CH stretching (νCH) and CH 
bending (δCH) vibrations, respectively. In order to identify 
the type of coordination of the formate species, a general 
procedure consists on the evaluation of the splitting be-
tween the CO asymmetric and symmetric stretching modes, 
Δνas-s 42-44. In this case, the splitting is not representative of 
the typical coordination structures described for surface 
formate species. This could be explained by the formation 
of hydrogen bonds, since fields due to water molecules can 
affect the splitting value 44-45. Miao et al. obtained similar 
bands in Pt/apatite catalysts 6, which were attributed to for-
mate ions in aqueous solution 46 and icy matter 47. Further-
more, the broad band at about 1770 cm-1, also present in our 
spectra, agrees with the value reported for the CO stretching 
mode (νCO) of gaseous formic acid 48, which is produced by 
means of the reaction between CO and H2O. Canepa et al. 49 
carried out an ab initio study on the interaction of formic 
acid with hydroxyapatite surfaces, which explained 
properly the WGS intermediates observed by Miao et al. 6 in 
Pt/apatite catalysts. According to their results, CO and H2O 
react to produce formic acid, which can adsorb molecularly 
on the (001) surface. However, the acid dissociates sponta-
neously in the water-reconstructed (010) surface to pro-

duce formate species, which are the WGS reaction interme-
diates. Thus, in our Pt/CeP400 catalyst, the adsorption of 
formic acid could take place in those surfaces presenting 
less affinity by water, whereas the formate species appear 
in the water-enriched surface of CeP400. 

On the other hand, Lustemberg et al. 50 studied several co-
ordination modes of formate species, considering both the 
∆ν values and the position of the vibration bands. According 
to these authors, the CO asymmetric and symmetric stretch-
ing vibrations of bidentate formate species appear at 1550 
and 1371 cm-1, respectively (∆ν=179 cm-1). In our case, 
these bands are found at 1589 and 1370 cm-1 (∆ν=218 cm-

1), suggesting the presence of bidentate formate species in 
the surface of the Pt/CeP400 catalyst. 
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Figure 8. (a) Difference spectra (general) of the Pt/CeP400 cat-
alyst under WGS reaction flow, and enlargement of (b) 2200-
1900 cm-1 and (c) 1900-1340 cm-1 range, from 150 (top) to 350 
°C (bottom).  

Difference spectra of the Pt/CeP600 catalyst are shown in 
Figure 9. As for the Pt/CeP400 catalyst, bands ascribed to 
adsorbed water at 1622 cm-1 and in the 3100-3500 cm-1  re-
gion appear (Figure 9(a)), although their intensity are lower 
than those of the Pt/CeP400 catalysts, in accordance with 
the lowest water adsorption capacity of the support CeP600 
8. Furthermore, the band in the 5100-5300 cm-1 range ob-
served for the Pt/CeP400 catalyst does not appear in the 
spectra of this solid, indicating the absence of a water layer 
in which the formate species could be dissolved.  

Bands attributed to linear Pt0-CO are observed in the 
2000-2100 cm-1 range (Figure 9(b)). Differently from the 
Pt/CeP400 solid, only two bands at 2057 and 2076 cm-1 are 
observed, pointing out the lower number of coordination 
environments of the Pt particles in Pt/CeP600. Such bands 
correspond to CO linearly adsorbed on corner and edge at-
oms of Pt crystallites 40, respectively. As for the spectra of 
the Pt/CeP400 catalyst, a shoulder at about 2010 cm-1 is 
present, attributed to CO linearly adsorbed on a weakly co-
ordinated Pt atom 41.  Furthermore, the band at 1965 cm-1 
present in the Pt/CeP400 spectra is not observed in this cat-
alyst, reinforcing the assignment of this contribution to Pt 
particles located in the rhabdophane-type phase structural 
channels.  

As a result of the interaction between reactants, bands 
corresponding to bidentate formate groups are present at 
1370, 1381, 1588 and 2843 cm-1 (Figure 9(a) and (c)), sim-
ilarly to the results obtained for Pt/CeP400. The contribu-
tions at 1588 and 1370 cm-1 have been attributed to the 
asymmetric and symmetric stretching vibrations of the CO 
group (νas CO and νs CO), whereas the bands at 2843 and 
1381 cm-1 have been ascribed to the CH stretching (νCH) 
and CH bending (δCH) vibrations. However, a second type 
of formate species is present, according to the bands at 
1337, 1362, 1564 and 2976 cm-1. As reported by Lustem-
berg et al. 50, (CO) asymmetric and symmetric modes of 
monodentate formates are observed at 1580 and 1335 cm-1 
(=245 cm-1). In our case,  is 227 cm-1. Therefore, we can 

conclude that in this solid, the lower amount of water fa-
vours the stabilization of monodentate formate species.  

In addition, a weak band at 1478 cm-1 points out the sim-
ultaneous formation of carbonate species. 

Whatever the catalyst, no new –OH groups resulting from 
the interaction of the water molecule with the oxygen va-
cancies of the supports appear during the WGS reaction, 
which is in good agreement with the absence of oxygen ex-
change in these solids demonstrated by 18O2 isotopic ex-
change experiments. Consequently, the WGS redox mecha-
nism can be discarded in this type of solids. 
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Figure 9. (a) Difference spectra (general) of the Pt/CeP600 cat-
alyst under WGS reaction flow, and enlargement of (b) 2200-
1900 cm-1 and (c) 1900-1300 cm-1 range, from 150 (top) to 350 
°C (bottom) 

According to the previously mentioned results, only bi-
dentate formate species are formed on the surface of the 
Pt/CeP400 catalyst, whereas bidentate and monodentate 
species are observed in Pt/CeP600. Jacobs et al. 51 studied 
the WGS reaction mechanism on a Pt/CeO2 catalyst after a 
pre-treatment under H2. They demonstrated that the partial 
reduction of ceria leads to the formation of geminal OH 
groups, which react with CO to form bidentate formate spe-
cies, the active intermediate species during the WGS reac-
tion. However, some authors claim that formate species act 
as spectators during the WGS reaction, being carboxyl spe-
cies the true intermediates 52.  

In order to clarify the role of the bidentate formates in our 
catalysts, the evolution of the ~2850 cm-1 band intensity 
was compared to the CO2 production rate as a function of 
the temperature. In the case of the Pt/CeP600 catalyst, the 
intensity of the bands at 2976 and 1478 cm-1 attributed to 
monodentate formate and carbonate species, respectively, 
are also evaluated. Results are shown in Figure 10. 

 

 

Figure 10. Comparison between the CO2 production during op-
erando DRIFTS experiments (continuous line) and the evolu-
tion of the main IR band for the detected carbonaceous species 
(dashed lines) for (a) Pt/CeP400 and (b) Pt/CeP600 catalysts. 

Results demonstrate a greater catalytic performance of 
Pt/CeP400 with respect to Pt/CeP600, in good agreement 
with the catalytic activity tests (Supporting Information, 
Figure S1).  

For both catalysts, an initial increase of the bidentate for-
mate band intensity takes place between 150 and 200 °C, at 
low CO conversion values. As the temperature increases, 
CO2 production increases and the bidentate formate band 
intensity decreases to the same extent, suggesting that bi-
dentate formates are the intermediate species in both cata-
lysts. This has been confirmed by comparing the CO2 pro-
duction registered during the experiment and the ~2850 
cm-1 band intensity as a function of the time, which shows 
that both the increase in the CO2 production and the de-
crease in the band intensity present the same slope with op-
posite signs in all the temperature range evaluated, thus 
confirming that CO2 formation is the result of the decompo-
sition of the bidentate formate species.  

Regarding Pt/CeP600, the formation of surface carbonate 
species could take place through two possible mechanisms 
53: 1) the interaction of the produced CO2 with the oxygen 
atoms of the support, in which case the drop of the formates 
band intensity must initiate before the formation of car-
bonates, or 2) the oxidation of the formate species by the 
available surface oxygen to yield carbonate. In this case, car-
bonates formation should start simultaneously to formates 
consumption. Thus, according to our results, the formation 
of surface carbonates results from the interaction of CO2 
with the CeP600 support. According to Hilaire and co-work-
ers 54, carbonate is stable in reduced CeO2, where cerium is 
present as Ce3+ similarly to the CePO4 supports. However, 
carbonate species are easily decomposed by oxidation with 
H2O. Consequently, the stabilization of carbonates on the 
Pt/CeP600 surface could be explained by the lower water 
retention capacity of CeP600 with respect to CeP400. Since 
water is available on the surface of the latter even at 350 °C, 
the decomposition of the carbonate species could take 
place, increasing reaction rates 54. The trend followed by the 
carbonates and monodentate formates bands in Pt/CeP600 
indicates that the concentration of both species increases 
along the WGS reaction. Hence, both carbonate and mono-
dentate formate species may have a spectator or catalytic 
poisoning role, contributing to the blocking of the active 
sites and thus, explaining its lower catalytic performance 
with respect to Pt/CeP400.  

Consequently, results suggest that the WGS reaction in 
both catalysts proceed via an associative mechanism 
through the generation of formate species, according to the 
following scheme: 

CO(g) + H2O(g) ↔ CO* + OH* + H* ↔ HCOO* + H* ↔ CO2* + 
2H* ↔ CO2(g) + H2(g) 

Where the asterisk (*) implies that the corresponding 
species is adsorbed. 

Considering this reaction scheme, which implies the dis-
sociation of the water molecule into OH and H species and 
taking into account that the CePO4 supports do not dissoci-
ate the water molecule 8, it could be concluded that the OH 
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and H species participating in the formate generation are 
those produced by the dissociation of the water molecule on 
the Pt particles. Phatak et al. 55 developed an interesting DFT 
investigation on the adsorption and dissociation steps of 
water on different metals, relating them to the WGS reaction 
mechanism. In every case, water dissociation occurs by 
means of the following 2 steps: 

H2O* + * → OH* + H*          (1) 

OH* + * → O* + H*           (2) 

In the case of Pt, the activation energy barrier for OH dis-
sociation is larger than that for the abstraction of the first H 
atom in the H2O molecule. Accordingly, in WGS conditions, 
atomic H is the most abundant surface intermediate, fol-
lowed by OH and finally, O. These results are in agreement 
with the reaction mechanism observed in Pt/CeP400. How-
ever, the observation of the Pt-H vibration is difficult, since 
it appears in the same region than the Pt-CO one 56. Like-
wise, the observation of the Pt-OH vibration results difficult 
in the presence of H2O, since it appears in the 3600-3400 
cm-1 range, where the broad contributions ascribed to OH 
groups of bonded water are also present, thus obscuring 
this region 57. 

According to DRIFTS results, the WGS reaction in these 
solids occurs through a bidentate formate-mediated mech-
anism. Since CePO4 supports do not present the capacity of 
dissociating the water molecule, the water dissociation step 
is carried out in the Pt particles, as well as the adsorption of 
CO. Consequently, the formation of bidentate formate spe-
cies seems to take place on the metal phase. Furthermore, 
Pt has demonstrated to promote H-transfer by assisting the 
hydrogen abstraction from the formate intermediate and a 
neighboring OH group, allowing H2 recombination and de-
sorption from the catalyst surface, whereas the presence of 
H2O lowers the activation energy of formate decomposition 
and changes the selectivity to favor formate dehydrogena-
tion over dehydration 58-59. Therefore, the metal-support in-
terface could have an important function regarding the de-
composition of the formate species. Whereas the role of the 
CePO4 supports is to supply H2O in the vicinity of Pt during 
the WGS reaction, Pt particles could as well assist the de-
composition of the formate species to generate the reaction 
products. The higher H2O content in the CeP400 surface 
could facilitate formates decomposition to a greater extent, 
thus explaining the higher WGS catalytic performance of the 
Pt/CeP400 catalyst. 

 

4. CONCLUSIONS 

Oxygen mobility in the rhabdophane (CeP400) and mon-
azite-type (CeP600) phases of CePO4 and the corresponding 
Pt catalysts has been evaluated by 18O2/16O2 and 
C18O2/C16O2 isotopic exchange experiments. Every solid 
present poor oxygen exchange capacity using 18O2 as la-
belled molecule, pointing out the absence of oxygen vacan-
cies able to participate in the WGS reaction and thus, sug-
gesting a poor influence of the WGS redox mechanism. On 
the contrary, the evaluated solids present high oxygen ex-
change capacity using C18O2, indicating that the formation 

and decomposition of carbonate-like intermediates can oc-
cur in the solids surface and, consequently, suggesting the 
WGS associative mechanism as the main path in these cata-
lytic systems. Operando DRIFTS results confirm that the 
WGS reaction occurs through an associative mechanism via 
bidentate formate intermediate species, whereas no for-
mation of new –OH groups is observed, ruling out the redox 
mechanism, in good agreement with the isotopic exchange 
results. 

The greater catalytic activity of the Pt/CeP400 catalyst is 
explained by the formation of only bidentate formate spe-
cies in the catalyst surface, which are proposed as the active 
species during the WGS reaction. On the contrary, the lower 
surface water content in the Pt/CeP600 catalyst gives rise 
to the additional formation of monodentate formate and 
carbonate species, which could block the active sites and 
provoke a decrease on the catalytic performance. 
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